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A new bis(phenol)dimethyltetraazamacrocycle,  1,8-bis(2-hydroxy-3,5-di-tert-butylbenzyl)-4,11-
dimethyl-1,4,8,11-tetraazacyclotetradecane (Hg{(rB“EPhO)zMeszclam}) (1), is described. Deprotonation
of 1 with sodium or potassium hydrides afforded Nay{("®“’Ph0);Me;Cyclam} (2) and K{('"®“’PhO)
Me;Cyclam} (3), respectively. Reactions of 2 or 3 with yttrium or lanthanide trichlorides led to the for-
mation of neutral rare earth metal complexes of general formula [{(*®*?PhO);Me;Cyclam}LnCl] (Ln = Y
(4), La (5), Sm (6), Yb (7)) in moderate to high yields. The molecular structures of 4—7 were determined
by single-crystal X-ray diffraction analysis and reveal that the ligand’s denticity depends on the size of
the metal ions. The smaller Y>' and Yb>" lead to distorted octahedral geometries where the dianionic
ligand acts as pentadentate, while the larger ions, La®>* and Sm?*, form capped trigonal prismatic
complexes with the cyclam derivative acting as a hexadentate chelator.

Cyclic tetraamines

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The stability and reactivity of trivalent rare earth metal com-
plexes are largely dominated by the highly electropositive character
of the metal ions, as well as the degree of saturation of their coor-
dination sphere. Therefore, the search for bulky ancillary ligands
that allow synthesizing new reactive coordination environments is
an important topic in rare earth metal chemistry. In this context, the
combination of two phenolate groups with fragments bearing N-, O-
or S-donors proved to be an adequate strategy for the design of
yttrium(IIl) and lanthanide(IlI) complexes of general formula LLnR
(Ln =Y, La, Nd, Sm, Yb), where R is an alkoxide, aryloxide, amide or
alkyl. The thermodynamic and kinetic stability provided by these
chelating ligands circumvented ligand redistribution reactions and
enable the isolation of well-defined species [1—3] that have been
reported and successfully used as catalysts in ring-opening poly-
merization of cyclic esters [1,2,4] and in intramolecular aminoalkene
hydroamination processes [5].

Previous work by some of us showed that the introduction of
dianionic cyclam-based ligands in zirconium chemistry [6] wid-
ened the catalytic applications of zirconium complexes and
revealed new reactivity patterns that are intimately related to the

* Corresponding authors. Centro de Quimica Estrutural, Instituto Superior Téc-
nico, Universidade Técnica de Lisboa, 1049-001 Lisboa, Portugal.
E-mail addresses: leonorm@itn.pt (L. Maria), ana.martins@ist.utl.pt (A.M. Martins).

0022-328X/$ — see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jorganchem.2012.12.026

hemilabile behaviour of the tetraazamacrocyclic frame. The flexi-
bility displayed by the macrocycle framework leads to distinct
bonding modes and is responsible for the stabilization of different
metal coordination geometries, providing new entries to metal
mediated reactions [7]. Ln(Ill) metal complexes derived from tet-
rasubstituted tetraazamacrocycles, in particular cyclen and cyclam,
are widely documented as they display important diagnostic and
therapeutic applications [8]. The attachment of anionic O-donor
groups to the macrocycle’s nitrogens revealed essential for the
stabilisation of many complexes that have been used in magnetic
resonance imaging (MRI), as luminescent probes in medicine and
biology and as radiometal-labelled agents for therapeutic applica-
tions [9].

Metal complexes derived from trisubstituted triazacyclonane
rings of the type trisamido- or trisphenolate-tacn revealed inter-
esting reactivity profiles [10]. The cavity defined by this type of li-
gands provides effective steric protection to metal centres, confines
incoming reagents and determines its bonding modes [11]. These
aspects are well illustrated by ((®“ArO)stacn)Ln complexes, for
which an unprecedented u,n'7'-0,0' coordination of SO, was
identified [10a].

In this work we report a new cyclam derivative obtained by
N-functionalization of the macrocycle with two bulky 2-hydroxy-
3,5-di-tert-butylbenzyl pendant arms. Upon deprotonation, this
compound is a dianionic hexa-donor of the type [N402]2* that may
potentially coordinate to metals through the four amines of the
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cyclam ring and the two anionic O-donors. The ligand precursor,
1,8-bis(2-hydroxy-3,5-di-tert-butylbenzyl)-4,11-dimethyl-1,4,8,11-
tetraazacyclotetradecane, was devised aiming at the syntheses of
well-defined Y(III) and Ln(IlI) complexes with general formula
[{("B"2PhO);Me,Cyclam}MCl] (M = Y, La, Sm, Yb), which are also
described.

2. Results and discussion

2.1. Synthesis and characterization of H{("®*°Ph0)>Me>Cyclam)
and Mo{(***?Ph0),Me,Cyclam} (M = Na, K)

As shown in Scheme 1, the ligand precursor 1,8-bis(2-hydroxy-
3,5-di-tert-butylbenzyl)-4,11-dimethyl-1,4,8,11-
tetraazacyclotetradecane (1) (Ho{(®“Ph0),Me,Cyclam}) is readily
synthesized in four steps starting from cyclam. Two methyl groups
were selectively introduced at trans-nitrogen atoms of the macro-
cycle through alkylation of the bisaminal derivative of cyclam with
Mel, followed by basic hydrolysis as described by Guilard et al. [ 12].
The subsequent N-alkylation of 1,8-dimethylcyclam with 2-
hydroxy-3,5-di-tert-butylbenzyl was achieved with aqueous
formaldehyde and 2,4-di-tert-butylphenol in refluxing methanol,
following a typical Mannich procedure. Ho{(B*Ph0),Me,Cyclam}
(1) precipitates out of solution as a white solid, in 85% yield. 1 is
soluble in aromatic solvents, tetrahydrofuran and chlorinated sol-
vents, and sparingly soluble in n-hexane and in acetonitrile.

The 'H NMR spectrum of 1 in benzene-dg, at room temperature,
reveals a series of broad resonances that were assigned to ten
diastereotopic macrocyclic protons and to two diastereotopic
benzyl protons on the basis of 'H—"C HSQC experiments.
The observation of one set of resonances for the ®“*PhOH and the
N—CHj3 groups confirms that the mutually trans-substituents are
magnetically equivalent. The carbon NMR spectrum reveals five
different methylene carbons assigned to the cyclam frame, one
benzyl and one methyl carbon resonances, and one set of signals for
the equivalent "®"?PhOH groups. The high-frequency shift of the OH
protons (6 10.0 ppm) as well as the pattern observed for the mac-
rocycle protons suggests that the ®“?PhOH groups establish
hydrogen bonds with the nitrogen atoms of the cyclam ring. These
interactions are responsible for the difference between the two
“faces” of the macrocycle and the observation of 10 non-equivalent
proton resonances. As a whole the NMR results are compatible
either with the presence of a ¢; symmetry molecule or with a G

NH HN

symmetry species with an inversion centre in the middle of the
cyclam ring. The latter structure, which is observed in the solid
state (see below), is likely to be also maintained in solution. Albeit
some proton resonances overlap, it was possible to distinguish
between the resonances corresponding to the two-carbon [C2] and
three-carbon chains [C3] of the macrocycle based on homonuclear
and heteronuclear NMR experiments ('H—'H COSY, 'TH—'2C HSQC,
1H—13C HMBC).

Single crystals of 1 suitable for X-ray diffraction were grown
from a dilute acetonitrile solution. The asymmetric unit contains
one-half of the molecule with the macrocycle centred on a crys-
tallographic inversion centre (=—x + 1, —y + 1, —z). An ORTEP di-
agram and most relevant bond lengths and angles are depicted in
Fig. 1a.

According to the extended Dale’s nomenclature, which takes in
account the extended position of the heteroatoms, the 14-
membered macrocycle adopts a rectangular conformation
(4,3,4,3)-B with C(2), C(5) and symmetry related carbon atoms at
the corners of the rectangle (Fig. 1b). The torsion-angles sequence
71 — 17 is 40.3(3), 68.8(2), —172.2(2), 175.0(2), —67.1(2), —75.1(2),
169.7(2)°, with 11 = N(1)—C(1)—C(2)—N(2) and t7 = C(5)—N(1a)—
C(1a)—C(2a) [13].

As suggested by the proton NMR spectrum, the structure is
stabilized by intramolecular hydrogen bonds involving the phe-
nolic protons and the nitrogen atoms, with N(1)—H(1)O(1) and
N(2)—H(1)0(1) distances of 2.251(2) A and 1.990(2) A, respectively.
H(1) was not found in the Fourier difference map and its position
was geometrically fixed but even though the presence of hydrogen
bonds may be inferred from the short distances O(1)—N(1)
(2.938(2) A) and O(1)—N(2) (2.886(2) A). The configurations of
the four nitrogen atoms of 1 correspond to a type IV cyclam con-
figuration (S, R, R, S) [14].

Treatment of Hy{("®"2Ph0O),Me,Cyclam} with excess of NaH or
KH in THF at room temperature afforded Nay{(®“*Ph0),Me,Cy-
clam}(THF), (2) and K3{("*"2PhO);Me;Cyclam}(THF), (3) in quan-
titative yields. 2 and 3 are soluble in tetrahydrofuran and insoluble
in aromatic solvents and n-hexane. The room temperature 'H NMR
spectrum of 2 in THF-dg displays one set of resonances for the two
phenolate groups, two resonances for the diastereotopic benzyl
protons, one resonance for the NCHs groups and a complex series of
broad resonances that spread from 0.84 ppm to 3.02 ppm for the
methylene protons of the cyclam ring. The >C spectrum is con-
sistent with the proton NMR spectrum and characteristic of average

2+

HiC. |
[ j HCHO ag. 37% E j Mel, CH;,CN [ j

NH HN

<

U “CHs

NaOH (3 M)
N HN HCHO ag. 37%, 2,4-di-tertbutyl-phenol, MeOH N N nd
[ - OH [ j
NH N

“CHj U\CHE
HaL (1)

Scheme 1. Synthesis of Hy{(Ar®"2Ph0O),Me,Cyclam} (1).
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1.467(3), N(1)—C(1) 1.463(3), N(1)-C(5) 1.466(3), N(2)—C(6) 1.463(3),
111.48(17), C(7)—N(1)—C(1) 111.57(17), C(7)—-N(1)—C(5) 110.75(16), C(6)—N(2)—
'Bu groups are omitted for clarity).

C; symmetry in solution, in agreement with the structure deter-
mined by single crystal X-ray diffraction (see Fig. 2). The NMR data
for 3 are essentially equivalent to those of 2 but the 'H NMR
spectrum is poorly resolved. Attempts to attain a static spectrum by
lowering the temperature were unfruitful.

Crystals of Nay{("®"2Ph0),Me,Cyclam}(THF), (2) were obtained
from a concentrated THF solution at —20 °C. X-ray diffraction
analysis of the crystals revealed that they had poor diffracting po-
wer but allowed its unequivocal structural identification. The
compound crystallizes with two crystallographically independent
molecules in the asymmetric unit (2a and 2b). The two molecules
do not differ significantly and for simplicity the discussion refers
exclusively to 2a (crystallographic data for 2b are presented as
Supplementary data, Table S2 and Fig. S2). An ORTEP view is
depicted in Fig. 2 and Table 1 summarizes important bonds and
angles for 2a.

The structure shows two differently coordinated sodium cen-
tres. Na(1) is bonded to the four nitrogen atoms of the cyclam ring
and to two oxygen atoms of the phenolate moieties in a distorted
trigonal prismatic geometry. The nitrogen atoms of the cyclam
define one rectangular face of the prism with deviations from the
average plane shorter than 0.459 A. The dihedral angle between the
two triangular faces O(1)—N(1)—N(4) and O(2)—N(2)—N(3) is 5.9°.

Fig. 2. Molecular structure of Nay[{(Ar'®*?Ph0O),Me,Cyclam}](THF), (2). Thermal el-
lipsoids are drawn at 40% probability level.

N(2)-C(2) 1.464(3), N(2)—C(3) 1.468(3), C(13)

(b)

Fig. 1. (a) Molecular structure of Ha{(Ar'®“?Ph0),;Me,Cyclam} (1). Thermal ellipsoids are drawn at 50% probability level. Selected bond lengths (A) and angles (°):

N(1)-C(7)
—0(1) 1.363(2), C(1)-N(1)-C(5) 111.66(16), C(3)—N(2)—C(2)

C(3) 111.18(17), C(6)—N(2)—C(2) 109.38(17). (b) Conformation of the cyclam ring in 1 (hydrogens and

The other sodium cation, Na(2), lies in a distorted tetrahedron
defined by two phenolate and two THF oxygen donors with angles
that range from 94.4(1)° to 133.0(2)".

The bond lengths between the cyclam nitrogens and Na(1)
extend from 2.541(3) Ato 2.761(3) A, with the shorter Na(1)—N
distances involving the nitrogen atoms that are linked to the phe-
nolate rings (N(2) and N(4)) and define two six-member metalla-
cycles NaNC30. The Na—N(amine) distances are within the usual
range reported for six-coordinate sodium complexes of cyclen de-
rivatives (2.467(2)—2.771(2) A) [15]. The two bridging oxygens of
the phenolate groups and the two sodium ions define an almost
planar four-membered NayO, ring with bonding distances to the
tetra-coordinate cation much shorter than to Na(1). The Na(2)—
O(Ar) bond lengths are 2.152(3) A and 2.173(3) A, comparable to
the distances reported for {{ONNO]Nay(THF);}» (JONNO] = 14-
bis(2-0-3,5-di-tert-butyl-benzyl)imidazolidine) that also displays
a Nay0, ring sustained by bridging phenolate rings [ 16]. The Na(1)—
O(Ar) distances are 2.356(3) A and 2.424(3) A. The distances be-
tween Na(2) and the THF oxygen atoms (average 2.31 A) are within
the values usually reported for Na™(THF) solvates [16—18]. The
difference observed in the sodium—oxygen distances within the
Na,0, ring of Nay{(®"2Ph0O),Me,Cyclam}(THF), (2) is very un-
common and must reflect that the electrons engaged in the
bonding of the Nay0, core are asymmetrically shared by the two
metal cations. Considering the sodium—oxygen bond lengths, the
structure may be described as the combination of i) a cationic
fragment formed by Na(1) and six neutral donor centres bonded to

Table 1

Selected bond lengths and angles for 2a.
Bond lengths (A) Angles (*)
Na(1)-0(1) 2.356(3) N(1)-Na(1)-N(4) 80.59(15)
Na(1)-0(2) 2.404(3) 0(1)-Na(1)-N(4) 84.72(11)
Na(2)-0(1) 2.169(3) N(2)—Na(1)-0(2) 81.63(10)
Na(2)-0(2) 2.152(3) Na(1)-0(1)-Na(2) 91.29(10)
Na(2)-0(3) 2.305(4) 0(1)—Na(2)-0(2) 94.37(11)
Na(1)-Na(2) 3.238(2) 0(1)-Na(2)-0(3) 101.09(13)
Na(1)-N(1) 2.640(4) 0(1)—Na(1)-0(2) 83.51(10)
Na(1)-N(2) 2.541(3) N(1)-Na(1)-0(1) 98.73(12)
Na(1)-N(3) 2.761(6) N(3)—Na(1)-N(2) 80.40(18)
Na(1)-N(4) 2.551(5) 0(2)—Na(1)-N(3) 98.71(15)
Na(2)-0(4) 2.324(4) Na(1)-0(2)—Na(2) 90.44(10)

0(3)-Na(2)-0(4) 101.57(16)
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it, namely the four cyclam amines and the two oxygens O(1) and
0(2), in a way that is reminiscent of Na* encapsulation in a neutral
N40; cavity defined by a cyclen ring with two appended phenol
arms [15a] and ii) an anionic fragment that is formed by the
bonding of two phenolate anions to a sodium cation in which co-
ordination sphere is completed by two THF ligands. The whole
structure may thus be envisaged as composed by one [(N403)
Na(1)]* and one [Na(2)04] fragments that are connected to each
other by the bridging phenolate oxygen atoms.

2.2, Synthesis and NMR characterization of Y(Ill) and Ln(IIl)
complexes

Salt metathesis or protonolysis reactions are currently used as
entries in rare-earth metal chemistry. The first approach was used
in this work due to the availability of metal halides when compared
to homoleptic alkyl or amido complexes. The reactions of
Ma{(®*?Ph0),Me;Cyclam} (M = Na, K), prepared in situ, with
equimolar amounts of LnCl3(THF), (Ln =Y, La, Sm, Yb) in THF gave
the corresponding [{(®"2Ph0O),;Me,Cyclam}LnCl] complexes (Ln = Y
(4), La (5), Sm (6), Yb (7)) in moderate to high yields (Scheme 2).

Compounds 4—6 were isolated as white solids from toluene or
acetonitrile solutions. The reaction of YbCl; with one equivalent of
the potassium salt 3 proceeded with a visible colour change from
white to yellow occurring within seconds and 7 was isolated as
a yellow crystalline solid after precipitation with n-hexane from
a toluene extract. All [{(®"2Ph0),Me,Cyclam}LnCl] compounds are
readily soluble in aromatic hydrocarbons (benzene, toluene), tet-
rahydrofuran and acetonitrile, but the samarium complex is far less
soluble in hydrocarbons than the others.

The ESI mass spectra of 4—7 display, in the positive ion mode,
[ML]* peaks with the characteristic isotopic distributions, corre-
sponding to the loss of Cl™; in the negative ion mode, it was also
possible to observe, for all complexes, [MLCl»]~ peaks.

The 'H and 3C NMR spectra of the yttrium compound [{("2-
PhO);Me,Cyclam}YCl] (4) were recorded in benzene-dg at room
temperature and assigned on the basis of COSY, TOCSY, HSQC and
HMBC experiments; the overlap of resonances did not allow its full
assignment but only the distinction between the signals of the C;
and C3 chains of the macrocycle. The 'H NMR spectrum shows four
singlets for the '‘Bu groups that reveal two magnetically

non-equivalent phenolate pendant arms in agreement with C;
symmetry in solution. This was confirmed by the 3¢ NMR, which
displayed 12 signals for the 12 aromatic carbons and 10 resonances
for the macrocycle. Furthermore, the two signals assigned to the
quaternary carbons bonded to the oxygens of the phenolate groups
(6 = 161.6 and ¢ = 160.7 ppm) appeared shifted to high frequencies
relatively to Ha{(“®"2Ph0O);Me,Cyclam}, attesting the bonding of the
phenolate groups to yttrium. The methylamine proton resonances
are shifted to high- and low-frequency, respectively, in relation to
the neutral ligand precursor. This behaviour is consistent with one
coordinated and one non-coordinated amines, in agreement with
the X-ray crystal structure of 4 (see below) [19].

The NCH,Ar groups give rise to two AB spin systems at 6 5.64
and 2.66 ppm and ¢ 4.56 and 2.37 ppm with J-coupling of 13.2 Hz
and 12.4 Hz, respectively. The large differences in the chemical
shifts of the diastereotopic benzyl protons are striking. An analo-
gous observation, reported for the amine bis(phenolate) complex
[Th(ONOO)Cl,] (ONOO = MeOCH;CH;N{CH;-(2-0—CgHy—Bu's-
3,5)}2) was considered as resulting from an agostic interaction
involving the proton directed towards the metal [20]. However the
distances between the metal and Hsy, or Hapgi are necessarily dif-
ferent, [{(*®*?Ph0),Me,Cyclam}YCl] does not show any evidence of
agostic hydrogens either in solution or in the solid state. An alter-
native explanation for the high shifts observed for the benzyl
protons (5.64 and 4.56 ppm) may be assigned to the combined
deshielding effects of the phenolate ring current and the polari-
zation induced by the rare earth metal ion on the C—H bond
pointing away from it [21].

The methylene protons of the macrocycle originate a series of
complex multiplets, partially overlapped, in the range 3.66—
0.74 ppm, which were ascribed to 20 resonances by HSQC experi-
ments. The latter result, in combination with a 'H—'H ROESY
experiment, reveals that the bonding of the cyclam to yttrium is
static in the NMR time scale.

The NMR data of [{( tBUZPhO)gMEZCyclam}LaCl] (5)in benzene-dg
points to a C; symmetry in solution. The patterns of both proton
and carbon spectra are closely related to those of the yttrium
complex 4 except for the methyl resonances assigned to the cyclam
methylamine groups. Both proton methyl resonances are shifted to
high frequencies by about 0.72 and 0.32 ppm relatively to Hy(®u2-
PhOH);Me,Cyclam (1) what is symptomatic of their bonding to

HaC,
i) exc. NaH or KH, THF, rt. [N j HO i) exc. NaH, THF, r.t.
OH -
i) MCI4(THF), THF N ii) MCl3(THF),, THF
|\)\CH3
HaL (1)
R R
R R R R R R
Cl o]
0., ’ O/«,l Rej
L "Ln'
/ N/IE\N§
o
\
/ Me
Me

R="Bu;M=Y (4), Yb (7)

R =Bu, M = La (5), Sm (6)

Scheme 2. Synthesis of Y(III) and Ln(lll) complexes.
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lanthanum and in agreement with the molecular structure depic-
ted in Fig. 6 that shows a seven-coordinated lanthanum centre,
where the ligand acts as a hexadentate donor.

The proton chemical shifts observed for the samarium complex
6 in benzene-dg, at room temperature, are significantly shifted
when compared with the diamagnetic complexes reported above
but still indicative of C; symmetry in solution. The coordination of
a ligand to a paramagnetic Ln(Ill) ion normally results in large
chemical shifts of the ligand nuclei, with magnitudes and signs
depending critically on both the nature of the lanthanide ion and
the location of the nucleus relative to Ln centre [22]. [n complex 6
the resonances assigned to the ‘Bu groups are not appreciably
shifted from its usual values as they are observed as four singlets
between 2.09 and 2.14 ppm. On the contrary, the resonances due to
the methyl groups are strongly shifted to low frequencies (6 —1.85
and —4.01 ppm) suggesting their proximity to the metal centre and
the coordination of the two cyclam methylamines to the metal. The
solubility of 6 in benzene-dg limited the identification of other
resonances and the solvent was changed to acetonitrile-ds. In this
solvent the 'H NMR obtained at room temperature displayed the
same resonances that were observed in benzene-dg and, in addi-
tion, revealed four broad resonances shifted to high frequencies (4
12.71, 11.62, 7.08 and 6.09 ppm) assigned to the diastereotopic
benzyl protons, and broad resonances corresponding to the Hgy,
and Han macrocycle protons that spread from 6 7.86 to —2.19 ppm.
The complexity of the spectrum did not allow the unequivocal
assignment of the macrocycle resonances but 2D NMR experiments
were useful to distinguish between the [C2] and [C3] methylene
chains. When an acetonitrile-ds solution of 6 was cooled to —30 °C
all proton resonances were resolved, as shown in Fig. 3. The
observation of only one set of signals for the ancillary ligand, with
a pattern corresponding to C; symmetry complex contrasts with
the solid state X-ray analysis that identified two isomers which
differ from each other in the macrocycle conformations (structures
6a-1 and 6a-2; crystals obtained from acetonitrile-d3). The lack of
duplicate signals in proton and carbon NMR spectra suggests that
the two isomers interconvert in fast exchange process in the NMR
time scale. The activation energy for this type of exchange is usually
low [11c] and it was not possible to block the process by lowering
the temperature at —30 °C.

The room temperature 'H NMR spectrum of [{(*®"2PhO);Me,.
Cyclam}YbCl] (7), in benzene-dg, displays resonances between 259
and —130 ppm, strongly shifted from the diamagnetic zone and
significantly broadened, which again point to a C; symmetry spe-
cies in solution. Four signals at 4.87, —6.27, —10.31 and —31.23 ppm

Ar-H (2H)

Ar-H (2H)

ArCHN ArCH,N

ATCH,N+ [C2ICH, [C3]CH,(5H)

| Y

Fig. 4. Molecular structure of [Y{(Ar‘*"*?Ph0),Me,Cyclam}Cl] (4), using 40% probability
ellipsoids.

were assigned, based on the spectrum integration, to the ‘Bu pro-
tons of the phenolate groups and two resonances at 18.21 and
—130 ppm were assigned to the N—CH3 protons. Additionally, the
proton NMR spectrum reveals twenty-eight resonances integrating
to one proton each, which are attributed to four aromatic protons,
four diastereotopic protons of the NCH,Ar pendant arms and
twenty Hanri and Hsyn methylene protons of the cyclam ring. This
pattern is in accordance with the asymmetric solid-state structure
obtained for 7 (see Fig. 5).

2.3. Crystal and molecular structures of Y(IIl) and Ln(Ill) complexes

Single crystals of [{(*®"?PhO);Me;Cyclam}YCl] (4) and [{("®"*-
PhO);Me,Cyclam}YbCl] (7) were grown by slow diffusion of
n-hexane in toluene solutions. Complexes 4 and 7 are isomorphous

C(CHs)s
C(CH,)
G{CHs)s

C(CHs)4

Y
o
o

0 PPmM

Fig. 3. 'H NMR of [Sm{(Ar’®“2PhO),Me,Cyclam}Cl| (6) in acetonitrile-d5 at 20 °C and at —30 °C.
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Fig. 5. Molecular structure of [Yb{(Ar®®“>Ph0),Me,Cyclam]Cl] (7), using 40% proba-
bility ellipsoids.

and present monomeric structures that crystallize in the mono-
clinic space group P2i/n with one molecule of toluene within the
lattice. Both enantiomers (RRR and SSS) are present in the cen-
trosymmetric crystal structure. The metals are lying in six-
coordinate environments defined by one chloride and the
{(*®¥2ph0),Me,Cyclam}?~ ligand that displays k°-O;N;N' coordi-
nation mode with one NCHs; group of the tetraazamacrocycle
pointing away from the metal. ORTEP representations of 4 and 7 are
depicted in Figs. 4 and 5, respectively, and selected bond lengths
and angles are given in Table 2.

The complexes adopt distorted octahedral geometry with O(2),
Cl(1),N(1) and N(2) defining the equatorial plane and O(1) and N(3)
at the axial positions. The angles between the apical and the basal
atoms vary from 74.99(9)° to 103.98(9)° in 4 and from 75.68(9)° to
104.54(9)° in 7. The angles defined by O(1)—Ln—N(3) are 177.93(9)°
and 178.19 (9)° respectively in the yttrium and the ytterbium
complexes. In both compounds the two oxygen donors of the
phenolate groups are mutually cis, as indicated by the O(1)-Y—0(2)
angles of 100.23(9)° and 99.40(10)° for (4) and (7), respectively. The
dihedral angles between the two phenolate planes are wide (4,
71.65°; 7, 72.14°) and the aryl rings bent away from the metal,
leaving a relatively open cleft for the chloride.

Table 2
Selected bond lengths (A) and angles (°) for 4.C;Hg and 7.C;Hg.
4.C7Hg 7-C7H8

Ln—0(1) 2.077(2) 2.052(2)
Ln-0(2) 2.100(2) 2.072(2)
Ln—N(1) 2.605(3) 2581(3)
Ln—N(2) 2.539(3) 2.499(3)
Ln—N(3) 2.696(3) 2.655(3)
Ln—Cl 2.6283(10) 2.5938(10)
0(1)-Ln—0(2) 100.23(9) 99.40(10)
0(1)-Ln—N(3) 177.93(9) 178.19 (9)
0(2)—Ln—N(2) 162.24(10) 163.69(11)
N(1)-Ln—Cl(1) 152.42(7) 153.34(7)

The M—0, M—N and M—CI bond distances for the Yb complex
are 0.03—0.04 A shorter than for Y, corresponding to the difference
in the ionic radii of six coordinate Y(III) (0.90 A) and Yb(III) (0.87 A)
[23]. The average M—0 bond distances for 4 for 7 (2.088(2) A and
2.062(2) A, respectively) are slightly shorter than those found in the
literature for acyclic amine bis(phenolate) yttrium (2.129(4)—
2.161(2) A) [1] and ytterbium complexes (2.100(3)—2.126(2) A) [2]
with the same coordination numbers, but are comparable to
those found in five-coordinated complexes [(CsMes)Y(OCgH5Bu,-
2,6),] [24] and [(MBMP)Yb(u-C1)(THF), ], (MBMP = CH,(1-0-4-Me-
6-'Bu—CgH>)2) [2d]. The metal—nitrogen distances in the equatorial
plane are slightly shorter (Y: 2.605(3) and 2.539(3) A; Yb: 2.581(3)
and 2.499(3) A) than the apical M—N distances (Y—N(3):
2.696(3) A; Yb—N(3): 2.655(3) A). In average M—N bond distances
for 4 and for 7 compared with the values reported for acyclic dia-
mine bis(phenolate) yttrium (2.520(5)—2.614(3) A) [1] and
ytterbium (2.476(3)—2.530(3) A) complexes [1i,—] respectively, and
with distances found in six-coordinate triazacyclononane derived
metal complexes, namely [{Me;-tacn(SiMez)NR}Y(CH2SiMes),]
(R = N'Bu, 2.602(3) A; R = N'Bu, 2.597(8) A) [25] and [Ln
{(SiMe,NPh)s-tacn}] (Y, 2.517(8) A; Yb, 2.503(13) A) [26]. The M—
N(4) distances of 4.727(3) A in 4 and 4.717(3) A in 7 reveal that
N(4) is not coordinated to the metal centres and confirm the k-
0NN’ bonding mode of the ancillary ligand. The M—Cl bond
lengths are within the ranges usually reported [1j,12,27].

Crystals of [{(®“2Ph0);Me,Cyclam}LaCl], 5, suitable for X-ray
structure determination were grown by slow diffusion of n-hexane
in a toluene solution and single crystals of [{(*®“>Ph0),;Me,Cyclam}
SmCl], 6, were obtained from concentrated acetonitrile-ds (6a) and
benzene-dg (6b) solutions. In crystals of 5 and 6b the enantiomeric
pairs (RRRR) and (SSSS) are both present in the centrosymmetric
crystals. For 6a there are two different isomers that display differ-
ent macrocycle conformations in the asymmetric unit (6a-1 and
6a-2). The overall coordination of lanthanum and samarium in 5
and 6b are comparable and thus the data for 6b are only presented
in Supplementary data. ORTEP diagrams of 5 and 6a-2 are displayed
in Figs. 6 and 7, respectively. Relevant distances and angles for both
compounds are listed in Table 3.

Complexes 5 and 6 present monomeric seven-coordinated
structures in the solid state where the ancillary ligand binds
through the O,N, N5 donor set and the seventh position is occupied
by one chloride, defining distorted mono-capped trigonal prisms.
In 5 (Fig. 6b) and 6a-1 (see Supplementary data, Fig. S3) the chlo-
ride ligand occupies one of the vertices of the prism while in 6a-2 is
capping a rectangular face defined by N(6), N(7), O(3) and O(4)
(Fig. 7b). In 6a-1 the face defined by O(1), N(2), N(3) and CI(1) is
capped by O(2). The four nitrogen atoms of the macrocycle ring are
nearly co-planar in all structures and define one of the non-capped
faces of the prism, with the metal centre sitting 1.582 Ain5,1.518 A
in 6a-1 and 1.386 A in 6a-2 above the average plane. The other non-
capped quadrangular faces are defined by the O(1), CI(1), N(1), N(4)
in 5 and 6a-1, and by O(3), O(4), N(5), N(8) in 6a-2, with a deviation
from planarity smaller than 0.19 A. The dihedral angles between the
trigonal faces defined by O(1)—N(1)—N(2) and CI(1)—N(4)—N(3) in
5 and 6a-1, and O(3)—N(5)—N(6) and O(4)—N(8)—N(7) in 6a-2, are
2.84°,419° and 12.03°, respectively. Analogous distortions of the
polyhedron geometries have also been found in 4 and 7 and are
likely due to the constraints imposed by the macrocycle ligand. The
distortions are less pronounced in the La(lll) complex probably due
to its larger ionic radius in comparison with that of Sm(III) [23].

The oxygens of the phenolate groups are mutually cis, with O(1)—
Ln—0(2) angles of 97.62(11)° and 95.26(8)° in 5 and 6a-1, respec-
tively. In 6a-2 the O(3)—Ln—0(4) angle is 96.15(9)°. The dihedral
angles between the phenolate planes are 8.7° in 5, 25.8° in 6a-1 and
66.1° in 6a-2. In all structures the ‘Bu substituents and aryl rings are
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Fig. 6. (a) Molecular structure of [Laf{(Ar®"?PhO);Me;Cyclam)Cl] (5). Thermal ellip-
soids are drawn at 40% probability level. (b) View of the mono-capped trigonal prism
coordination polyhedron of 5.

slightly bent away from the metal and the chloride is located in the
cleft between phenolate groups. The average La—O(Ar) distance
(2.268(3) A) is comparable with those of six-coordinate lanthanum
complexes [La(*®"20,NO){N(SiMe;H),}(THF)] (ONOO = MeOQCH,-
CHyN{CH,-(2-0—CgHa—'Buy-3,5)}2, av. 2.272(3) A) [1c], [La(ON
NO)|{N(SiMe3 ), }(THF) ([ONNQ] = 1,4-bis(2-0-3,5-di-tert-butyl-
benzyl)-imidazolidine, 2.258(6) A) [2d] and [La(®“20,NNPY)(u-
C(py)lz ([®*20,NNPY] = (2-CsHsN)CHoN{2-0—CHy—'Buy-3,5},,
2.274(4) A) [1g]. The average Sm—0 bond lengths in 6a-1(2.194(2) A)
and 6a-2 (2.170(2) A) are comparable with those found in the lan-
thanum analogue if the difference of ionic radii is considered, and to
Sm—0 bond lengths reported for [Sm(®“20,NNM®2)CI(DME)]
(2196(1) A) [1j], [Sm(™"20,NNMY(OAr)(THF),] (2.212(3) A)
(1BU20,NNNM®] — Me,NCHoCHN{CHa~(2-0—CgHa—"Buz-3,5)}2) [2b]
and [({(*®“ArO)stacn}Sm)a(u,5',n'-502)] (2.206(3) A) [10a]. In 5 the
average distance between the lanthanum and the cyclam nitrogens
N(1),N(2)and N(3)(2.778(4) A) is comparable to the value reported
for [La{(SiMe;NPh)s-tacn}(THF)] (2.751(4) A) [26] while the La—N(4)
distance (2.920(4) A) is considerably longer. Yet N(4) points to the
metal, in contrast to that observed in the yttrium and ytterbium
complexes discussed above.

The two structures obtained for [Sm{(Ar’®"20),Me,Cyclam]}Cl]
(6) display different samarium—nitrogen bond distances. In 6a-1
the four Sm—N bonds lengths are similar and average 2.742(3) A,
a value that is slightly longer than those found in seven-coordinate
samarium complexes [Sm(O55*’NNM2)CIDME] (2.654(2) A) [12]
and [Sm(05% "> NNMe2)(0Ar)(THF)] (2.674(4) A) [2b]. The Sm—N

(b)

Fig. 7. (a) Molecular structure of [Sm{(Ar’®"2Ph0),Me,Cyclam}Cl] (6a-2). Thermal el-
lipsoids are drawn at 40% probability level. (b) View of the mono-capped trigonal
prism coordination polyhedron of 6a-2.

bonds lengths range from 2.632(3) A to 2.827(3) A in 6a-2. The
Ln—Cl bond distances are comparable in the three structures
(2.7883(12) A for 5, 2.7385(9) A for 6a-1 and 2.7339(9) A for 6a-2)
and within the values reported for other complexes [11,28].

Table 3
Selected bond lengths (A) and angles (°) for 5.C;Hg and 6a.CD3CN.
5 6a-1 6a-2
Ln—0(1) 2.250(3) 2.182(2) Ln—0(3) 2.166(2)
Ln—0(2) 2.285(3) 2.206(2) Ln—0(4) 2.174(2)
Ln—N(1) 2.815(4) 2.729(3) Ln—N(5) 2.827(3)
Ln—N(2) 2.789(4) 2.771(3) Ln—N(6) 2.707(3)
Ln—N(3) 2.731(4) 2.750(3) Ln—N(7) 2.632(3)
Ln—N(4) 2.920(4) 2.716(3) Ln—N(8) 2.759(3)
Ln—Cl 2.7883(12) 2.7385(9) Ln—Cl 2.7339(9)
0(1)-Ln—0(2) 97.62(11) 95.26(8)) 0(3)-Ln—-0(4) 96.15(9)
0O(1)-Ln—N(3) 160.30(13) 168.46(9) 0O(3)-Ln—N(7) 170.24(9)
0(2)—Ln—N(2) 81.93(13) 82.42(8) 0(4)—-Ln—N(6) 154.67(9)
0(2)-Ln—N(1) 148.88(14) 143.39(9) 0(4)-Ln—N(5) 138.35(9)
0(2)-Ln—N(3) 71.46(12) 74.73(8) 0(4)-Ln—N(7) 76.22(9)
0(2)-Ln—Cl(1) 86.06(9) 83.23(6) 0(4)-Ln—Cl(2) 81.78(7)
O(1)-Ln—CI(1) 89.76(9) 87.13(7) 0(3)-Ln—Cl(2) 94.64(7)
N(2)~Ln—CI(1) 165.70(10) 165.65(6) N(6)—Ln—Cl(2) 74.29(7)
N(1)-Sm—N(2) 65.56(9) 68.52(14) N(5)—Ln—N(6) 66.97(9)
N(3)-Ln—N(4) 68.82(9) 67.79(13) N(7)-Ln—N(8) 68.23(9)
0(2)—Ln—N(4) 132.01(12) 137.01(9) 0O(4)—Ln—N(8) 78.94(9)
N(4)-Ln—Cl(1) 81.36(9) 79.56(6) N(8)-Ln—Cl(2) 144.51(7)
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3. Conclusions

A new dianionic cyclam-based ligand of the type [N402]*>~ and
its M(IIl) complexes (M =Y, Yb, La, Sm) are described. The ligand
precursor was obtained in high yield from cyclam by sequential
functionalization of the ring nitrogen atoms with Me and
2-hydroxy-3,5-di-tert-butylbenzyl leading to a tetrasubstituted
macrocycle with trans-Me and trans-("®"2PhOH) groups. Complexes
of general formula [{(®**PhO),Me,Cyclam}M(Cl] are, to the authors’
knowledge, the first examples of yttrium and lanthanide complexes
with phenolate substituents appended on a saturated tetraaza-
macrocycle. In the Y and Yb complexes the ligand adopts a «’-
02NN’ bonding mode with one NMe group pointing out away from
the metals; the larger La and Sm ions accommodate the six ligand
donor atoms and the chloride, defining capped trigonal prismatic
structures. The ability of tetradentate dianionic cyclam based
ligands to behave as hemilabile ligands was well establish in the
chemistry of d° Zr(IV) complexes. The results described now show
that this behaviour is extensive to Y and Ln metal complexes and,
analogously to zirconium, is dictated by steric constraints. As
envisaged, the combination of the cyclic tetraamine with the phe-
nolate donors prevents ligand redistribution and dimerization. The
efficient steric protection offered by the cyclam skeleton increases
the robustness of [{("®"?>Ph0);Me;Cyclam}MCl] in comparison with
related compounds supported by acyclic ligands and provides well-
defined mono-halide bis(phenolate) Y and Ln complexes. Pre-
liminary reactions of the yttrium complex with alkylating reagents
led to mono-alkyl complexes which are currently under study.

4. Experimental
4.1. General procedures

All reactions were carried out under inert atmosphere, using
standard Schlenk techniques or in a nitrogen-filled glovebox. Tet-
rahydrofuran, toluene and hexane were pre-dried using 4 A mo-
lecular sieves and distilled from sodium-benzophenone under
nitrogen and degassed prior to use. Tetrahydrofuran-dg, benzene-dg
and toluene-dg were dried over sodium-benzophenone. Acetoni-
trile and acetonitrile-ds; were distilled from P05 under nitrogen
and maintained in contact with molecular sieves several days
before use. YCI3(THF), 5, LaCl3(THF)y5, SmCls, YbCl; and 1,4,8,11-
tetraazacyclotetradecane were prepared as previously reported
[29,30]. All other reagents were commercial grade and used with-
out further purification.

1H, 13C NMR spectra and 2D NMR experiments were recorded
using Varian 300 MHz or Bruker AVANCE 400 or 500 MHz spec-
trometers. 'H and *C chemical shifts were referenced internally to
residual proton or carbon solvents resonances relative to tetrame-
thylsilane (O ppm). Electrospray ionisation mass spectrometry (ESI-
MS) was performed using a Bruker HCT quadrupole ion trap mass
spectrometer. Carbon, hydrogen and nitrogen analyses were per-
formed on a CE Instruments EA1110 automatic analyser.

4.2. Synthesis and characterization data

4.2.1. Hof(Ar*?Ph0),MesCyclam (HsL) (1)

37% aqueous formaldehyde (0.8 ml, mmol) was added to a so-
lution of 1,8-dimethyl-1,4,8,11-tetraazacyclotetradecane (790 mg,
3.46 mmol) in methanol (20 ml). The mixture was refluxed under
N2 for 2 h and a solution of 2,4-di-tert-butylphenol (1.43 g,
6.92 mmol) in methanol (10 ml) was then added and refluxed
overnight. The white precipitate formed was isolated by filtration,
washed with methanol and dried under vacuum. Yield: 85%(1.94 g,
2.94 mmol). Crystals suitable for X-ray diffraction analysis were

grown from a diluted solution of 1 in acetonitrile. m/z (ESI-MS):
665.5 [HoL + H]* (calc. 665.57). Calc. for C4H7,05N,: C, 75.85; H,
10.91; N, 8.42. Found C, 75.22, H, 10.98, N, 8.45. 'H NMR (CeDg,
300 MHz, 295 K): é (ppm) 10.00 (s, 2H, Ar—OH), 7.51 (d,
Yuu = 2.4 Hz, 2H, Ar—H), 7.01 (d, *Jyq = 2.4 Hz, 2H, Ar—H), 3.90 (br,
2H, ArCH,N), 3.35 (br, 2H, [C2]NCH,), 3.08 (br, 2H, [C3]NCH3), 2.54
(br, overlapping, 2H + 2H + 2H, [C2]NCH>, [C3]NCH; and ArCH;N),
2.05 (br, overlapping, 2H + 2H, [C3]NCH; and CHyCH,CH>), 1.93 (s,
6H, NCH3), 1.89 (br, 2H, [C2]NCH,), 1.70 (s, 18H, C(CH3)3), 1.65 (2H,
br, [C2]NCH5), 1.38 (s, 18H, C(CHs)3), 1.34 (br, 2H, CH,CH,CH,), 1.08
(br, 2H, [C3]NCHz). '3C NMR (CeDs, 100 MHz, 295 K): 6 (ppm) 154.3
(ArC—0), 139.9 (ArC), 135.6 (ArC), 125.5 (ArC—H), 123.6 (ipso-ArC),
122.9 (ArC—H), 55.6 (NCH,Ar), 54.7 ([C2]NCHa), 51.4 ([C3]NCH>),
51.2 ([C3|NCH>), 48.4 ([C2]NCH3;), 43.1(NCH3s), 35.4 (((CH3)3), 34.3
(C(CH3)3), 32.1 (C(CH3)3), 30.2 (C(CH3)3), 24.7 (CH2CH,CHy).

4.2.2. Nay[(Ar®"?Ph0),Me;Cyclam](THF), (2)

A suspension of NaH (55 mg, 2.29 mmol) in THF (10 ml) was
added to a stirred solution of Hy[(Ar®"20),Cyclam] (435 mg,
0.654 mmol) in THF (20 ml). The resulting mixture was stirred
overnight at room temperature and then centrifuged. The solvent of
the supernatant was removed under vacuum and the alkali salt 2
was obtained in quantitative yield as a white powder. Colourless
prismatic crystals suitable for X-ray crystallographic analysis of
compound 2 were obtained from a concentrated solution in THF
stored at —20 °C for several days. Anal. Calc. for CsgHggO4N4Nay: C,
70.38; H, 10.16; N, 6.57. Found C, 69.14, H, 8.74, N, 6.47. '"H NMR
(THF-dsg, 300 MHz, 295 K): & (ppm) 7.07 (d, *Jyu = 2.4 Hz, 2H, Ar—H),
6.83 (br, 2H, Ar—H), 4.21 (br, 2H, ArCH;N), 3.02—2.59 (br, over-
lapping, 2H + 2H, NCH», 2H, ArCH,N), 2.44 (br, 6H, NCH,), 1.93 (br,
2H + 2H, NCH;), 1.81 (br, 3H + 2H, NCH; + NCH>), 1.44 (s, 18H,
C(CHs3)3), 1.23 (s, 18H, C(CH3)3), 1.09 (br, 2H, CH,CH,CH>), 0.94 (br,
2H, CH,CH,CH3). ¢ {'H} NMR (THF-dg, 75.4 MHz, 295 K): 6 (ppm)
168.6 (ArC—0), 135.5 (ArC), 129.9 (ArC), 127.7 (ArC—H), 125.9 (ArC—
H), 123.4 (ArC—H), 68.2 (THF), 67.4 (ArCH,N), 65.9 (br, CH;), 59.7
(br, CHz), 58.0 (br, CHy), 54.6 (br, CH>), 49.9 (br, CHy), 43.6 (NCH3),
35.9 (C(CH3)3), 34.2 (C(CH3)3), 32.6 (C(CH3)3), 31.2 (C(CH3)3), 26.5
(br, CHyCH,CH,), 26.4 (THF).

4.2.3. K[(ArB'2Ph0),MesCyclam](THF); (3)

This compound was prepared from the precursor 1 and KH by an
identical procedure to that employed for compound 2. Compound 3
was obtained in a quantitative yield and as a white solid. Anal. Calc.
for C5oHge04N4Ky: C, 67.82; H, 9.79; N, 6.33. Found C, 66.57, H, 8.88,
N, 6.50. '"H NMR (THF-dg, 300 MHz, 295 K): ¢ (ppm) 7.00 (d,
4Jn = 2.7 Hz, 2H, Ar—H), 6.82 (br, *Jy;; = 2.7 Hz, 2H, Ar—H), 3.90 (br,
2H, CH>), 2.86—2.30 (br, 10H, CH>), 2.28—1.97 (br, 6H, CH;), 1.77 (6H,
NCHs), 1.43 (s, 18H, C(CHs)3), (2H, br), 1.23 (18H, C(CH3)3), 1.30—1.10
(br, 4H, CH,CH,CH,). *C {1H} NMR (THF-dg, 75.4 MHz, 295 K):
0 (ppm) 168.1 (ArC—0), 135.2 (ArC), 128.4 (ArC), 1249 (ArC), 122.7
(ArC), 68.2 (THF), 63.6 (br, ArCH,N), 61.8 (br, CH,), 58.6 (br, CHy),
56.9 (br, CHz), 42.5 (br, NCH3), 35.6 (C(CHa)3), 34.2 (C(CH3)3), 32.6
(C(CH3)3), 30.5 (C(CH3)3), 27.6 (CHCH,CH,), 26.4 (THF).

4.2.4. [Y{(Ar'®*?Ph0),Me,Cyclam}Cl] (4)

A solution of HyL (0.435 g, 0.654 mmol) in THF (10 ml) was
added to a suspension of NaH (0.055 g, 2.29 mmol) in the same
solvent (5 ml) and stirred overnight at room temperature. The
mixture was centrifuged and the colourless solution of NasL was
slowly added to a suspension of YCl3(THF)3 (0.270 g, 0.655 mmol) in
THF (20 ml). The mixture was stirred overnight at room tempera-
ture and the NaCl formed was discharged after centrifugation. The
solvent was removed under reduced pressure. The white solid
obtained was extracted in toluene and n-hexane was added to the
solution. A white precipitate was isolated by centrifugation and
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Table 4
Experimental crystal data and structure refinement parameters for compounds 1
and 2.

1 2
Empirical formula C42H72N402 Cs0 HggN4Nax04
Formula weight 665.04 853.21
Cryst system Orthorhombic Monoclinic
Space group Pbca P21/c
a[A] 18.1488(10) 32377(3)
b [A] 8.2358(4) 14.8305(15)
c[A] 27.1280(15) 22.299(2)
al°] 90 90
BI°l 90 106.357(6)
¥y 1°] 90 90
VA% 4054.8(4) 10,273.7(18)
z 4 8
Calculate density (mg/m >) 1.089 1.103
u(mm™) 0.066 0.083
Tenind Tnax 0.9869/0.9960 0.9795/0.9967
F(000) 1472 3744
Omax (°) 25.03 25.03
Reflections collected 15,375 131,915
Unique reflections collected (Rin;) 3567 (0.0875) 18,060 (0.1269)
Ry [1 = 2a(D)] 0.0506 0.0866
wR2 (all data) 0.1145 0.2679
Parameters 217 1118
Goodness-of-fit on F2 0917 1.014
Largest diff. peak, hole/e A3 0.176, —0.212 1.061, —0.792

dried in vacuum to give compound 4 in 45% yield (0.232 g,
0.295 mmol). Crystals suitable for X-ray diffraction analysis were
obtained by slow diffusion of n-hexane into a saturated toluene
solution of 4. m/z (ESI-MS): 751.6 [YL] ™" (calc. 751.46), 821.8 [YLCly|~
(calc. 821.39). Calc. for C42H7pCIN4O2Y.1.5C7Hg: C, 68.14, H, 8.87, N,
6.06. Found C, 69.08, H, 8.33, N, 6.68. '"H NMR (CgDg, 400.1 MHz,
295 K): 6 (ppm) 7.66 (d, 1H, 4y = 2.1 Hz, Ar—H), 7.51 (1H, Ar—H),
7.05 (1H, Ar—H), 6.95 (1H, Ar—H), 5.64 (d, 1H, Juy = 13.2 Hz,
ArCHyN), 456 (d, 1H, Jyn = 12.4 Hz, ArCHyN) 3.66 (m, 1H, [C3]
NCH>), 3.56 (1H, [C3]NCH>), 3.04 (t, 1H, [C2|NCH>), 2.88 (t, 1H, [C3]
NCH>), 2.66 (d, 1H, Jyy = 12.4 Hz, ArCH,N), 2.51-2.37 (m, over-
lapping, 4H total, 1H, ArCH>N and 1H + 1H + 1H, [C2]NCH), 2.09 (s,
3H, NCH3), 2.04 (br, 1H, [C2]NCH3), 1.99 (br, 1H, CH,CH>CH3), 1.92 (s,

Table 5
Experimental crystal data and structure refinement parameters for compounds 4—7.

9H, C(CH3)3), 1.85 (s, 3H, NCH3), 1.74 (br, 3H total, 1H + 2H, [C3]
NCH>), 1.64 (s, 9H, C(CH3)3), 1.45 (s, 9H, C(CH3)3), 1.44 (overlapping,
1H + 9H, C(CHs)3 and [C3]NCH3), 1.40—1.25 (br, overlapping, 4H
total, 1H, [C2]NCH>, 1H, [C3|NCH,, 1H + 1H, CH2CH,CH3y), 1.20 (d,
1H, [C2]NCH3), 0.85 (1H, br, CH,CH,CH>), 0.74 (d, 13.2 Hz, 1H, [C2]
NCH,). 3C {'H} NMR (C¢Ds, 100.6 MHz, 295 K): 6 (ppm) 161.6 (ArC—
0), 160.7 (ArC-0), 137.9 (ArC), 137.8 (ArC), 137.5 (ArC), 136.1 (ArC),
126.7 (ipso-ArC), 125.4 (ArC—H), 125.0 (ArC—H), 124.7 (ArC—H),
123.8 (ArC—H), 123.0 (ipso-ArC), 67.6 (ArCH2N), 62.8 (|[C2]NCHy),
62.5 (ArCH,N), 61.8 ([C3]NCH,), 60.2 ([C3]NCH,), 54.3 ([C3|NCH3),
53.3 ([C3INCH2), 52.6 ([C2]NCH32), 51.2 ([C2]NCH3), 51.1 ([C2]NCH3),
45.9 (NCH3), 44.4 (NCHs), 35.7 (C(CH3)3), 354 (C(CHs)s), 34.32
(C(CH3)3), 34.29 (C(CH3)3), 32.3 (C(CH3)3), 34.3 (C(CH3)3), 30.5
(C(CH3)3), 30.4 (C(CH3)3), 25.5 (CH2CH,CHy), 22.9 (CH2CH,CHy).

4.2.5. [Laf("®*2Ph0);MesCyclam}Cl] (5)

A solution of H,L (0.350 g, 0.526 mmol) in THF (10 ml) was
added to a suspension of NaH (0.045 g, 1.87 mmol) in the same
solvent (5 ml) and stirred overnight at room temperature. The
mixture was centrifuged and the colourless solution of NaL was
slowly added to a suspension of LaCl3(THF); 5 (0.186 g, 0.526 mmol)
in THE. After stirring overnight at room temperature, the NaCl
formed was discarded by centrifugation and the colourless solution
was separated and evaporated to dryness. The solid obtained was
extracted in toluene and upon filtration the solvent was evaporated
in vacuum. The solid residue was further extracted in acetonitrile
followed by evaporation of the volatiles under reduced pressure to
yield 5 as a white crystalline powder, in 61% yield (0.268 g,
0.320 mmol).

Colourless crystals of [Laf(Ar’®"20),Me,Cyclam}Cl] (5) suitable
for X-ray diffraction analysis were grown from slow diffusion of n-
hexane into a concentrated solution of 5 in toluene. m/z (ESI-MS):
801.5 [LaL]™ (calc. 801.46), 8714 [LaLCly]™ (calc. 871.39). Calc. for
C42H70CIN4O;La: C, 60.24, H, 8.43, N, 6.69. Found C, 59.84, H, 9.08,
N, 6.73.

'"H NMR (CgDg, 300.1 MHz, 295 K): & (ppm) 7.65 (1H, d,
Y = 2.4 Hz, Ar—H), 7.62 (d, ¥y = 2.4 Hz, 1H, Ar—H), 7.05 (d,
4uu = 2.6 Hz, 1H, Ar—H), 6.99 (d, ¥Jun = 2.6 Hz, 1H, Ar—H), 5.28 (d,
2l4—n = 12.4 Hz, 1H, ArCH>N), 3.90 (d, 3Jy = 12.6 Hz, 1H, ArCH,N),

4.C;Hg (Ln = Y) 5.0.5(C7Hg) (Ln = La) 6a.0.5(CD5CN) (Ln = Sm) 6b.(CsDg) (Ln = Sm) 7.C7Hg (Ln = Yb)
ElTlDil'iCﬂl formula C49H7BC1N402Y Coy Hyg7 Clz Laz Ng O4 C55H143C12N904Sm2 C45H7GCIN40251T1 C49H75C1N402Yb
Formula weight 879.51 1765.89 1738.69 926.93 963.64
Cryst system Monoclinic Monoclinic Triclinic Monoclinic Monoclinic
Space group P24/n P24/n P-1 P 24/c P24/n
a[A] 21.1325(6) 12.1521(3) 15.5587(5) 15.8316(3) 21.0770(7)
b[A] 8.7207(2) 15.0234(3) 18.0637(6) 14.8137(3) 8.7264(3)
c[A] 27.9236(10) 26.2133(5) 18.3416(6) 23.9510(5) 27.8876 (9)
al] 90 90 84.030(2) 90.00 90
BI°l 94.205(2) 91.2270(10) 69.529(2) 104.9750(10) 94.5670(10)
¥ [°] 90 90 68.807(2) 90.00 90
Vv [A%] 5132.2(3) 4784.56(18) 4501.2(3) 426.33(19) 5113.0(3)
z 4 2 2 4 4
Calculate density (mg/m 3) 1.138 1.226 1.283 1.135 1.252
u(mm ) 1.226 0.986 1.401 1.166 1919
Teninf Tmax 0.7099/0.9759 0.7564/0.8123 0.7865/0.8726 0.7672/0.8002 0.6559/0.9272
F(000) 1888 1858 1824 1948 2012
Omax (%) 25.03 25.03 25.68 25.03 25.68
Reflections collected 37,375 27,688 45,077 43,795 36,255
Unique reflections collected (Rin) 9026 (0.0951) 8426 (0.0399) 17,015 (0.0516) 9548 (0.1070) 9708 (0.0621)
Rq [I = 20a(1)] 0.0524 0.0491 0.0361 0.0901 0.0349
wR2 (all data) 0.1204 0.1180 0.0847 0.1980 0.0758
Parameters 529 497 943 518 529
Goodness-of-fit on F2 0.948 1.054 1.002 1.226 0981
Largest diff. peak, hole/e A3 0.689, -0.453 1.426, -0.753 0.981, -0.601 2.723, -5.136 0.718, —0.595
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3.48 (t, 1H, [C2|NCH>), 3.14 (t, 1H, [C2]NCH,), 2.93 (br, 2H, [C2]
NCH; + [C3]NCH;), 2.84 (br, 2H, [C3]NCH3), 2.66 (s, 3H, NCH3),
2.60—2.59 (m, 2H, [C2]NCH; -+ ArCHuN), 2.55 (d, %Jj = 12.4 Hz, TH,
ArCH;N), 2.25 (3H, NCH3), 1.94 (br, 1H, [C3]NCH>), 1.90 (s, 9H,
C(CH3)3), 1.88 (s, 9H, C(CH3)3), 1.83—1.59 (br, 6H, 2X[C2]NCH, -+ 3X
[C3INCH; + CH,CH,CH,), 1.57 (br, 1H, [C3]NCH>), 150 (s, 9H,
C(CHs3)3), 149 (s, 9H, C(CH3)3), 1.22 (br, 1H, [C2]NCH>), 119 (br, 1H,
CH,CH,CH3),1.11 (d, 1H, CH,CH,CH,), 0.96 (br, overlapping, 2H, [C2]
NCH; + CH2CH,CHa).

13C {1H} NMR (CgDg, 75.4 MHz, 295 K): 6 (ppm) 163.7 (ArC—0),
162.8 (ArC—0), 137.1 (ArC), 136.6 (ArC), 136.3 (ArC), 135.8 (ArC),
126.0 (ArC—H), 125.8 (ArC—H), 124.6 (Ar(), 124.5 (ArC—H), 124.2
(ArC—H), 63.8 (ArCH;N), 62.4 (ArCH,N), 62.5 ([C3]NCH>), 62.4 ([C3]
NCH3), 60.0 ([C3]NCH;), 56.9 (2C, [C2]NCH; + [C2]NCH3), 56.1 ([C2]
NCH3), 55.3([C2|[NCH>), 51.1 (NCH3), 47.7 (NCH3), 45.8 (NCH3), 35.9
(C(CH3)3), 35.8 (C(CHs)3), 34.3 (C(CH3)3), 342 (C(CH3)3), 32.5
(C(CH3)3), 324 (C(CHs)3), 31.7 (C(CHs)s3), 31.2 (C(CHs)3), 24.9
(CH2CH,CH;y), 21.6 (CHCH,CHy).

4.2.6. [Sm{(Ar'®™?Ph0),Me,Cyclam)Cl] (6)

A solution of HyL (0.400 g, 0.601 mmol) in THF (10 ml) was
added to a suspension of NaH (0.051 g, 2.10 mmol) in THF (5 ml)
and stirred overnight at room temperature. The mixture was
centrifuged and the colourless solution of NayL was slowly added
to a suspension of SmCl; (0.155 g, 0.603 mmol) in THF. After stir-
ring overnight, the NaCl formed was discarded by centrifugation
and the pale yellow solution was filtered off and evaporated to
dryness. The residue was extracted in acetonitrile. The solvent was
removed under vacuum to yield compound 6 as a pale yellow
powder, in 87% yield (445 mg, 0.524 mmol). Colourless crystals
suitable for X-ray diffraction analysis were obtained from a ben-
zene-dg or acetonitrile-ds solution of compound 6 at room tem-
perature. m/z (ESI-MS): 814.6 [SmL]™ (calc. 814.47), 886.5
[SmLCly]™ (calc. 886.41). Calc. for C4H7oCIN4O2Sm: C, 59.43, H,
8.31, N, 6.60. Found C, 59.20, H, 8.11, N, 6.86. 'H NMR (CDsCN,
300.1 MHz, 295 K): 6 12.71 (br, 1H, ArCH»N), 11.62 (br, TH, ArCH3N),
8.97 (s, 2H, Ar—H), 7.86 (br, 1H, [C3]NCH>), 7.66 (s, 1H, Ar—H), 7.49
(s, TH, Ar—H), 7.08 (br, 1H, ArCH,N), 6.09 (br, 2H, ArCHoN + [C2]
NCH,), 3.69 (1H, [C3]NCH;), 3.33 (3H, 2H [C3]NCH, + 1H [C2]
NCH,), 2.72 (br, 2H, CH3CH:CHs + [C2]NCH,), 2.28 (br, 1H,
CH,CH>CHy), 1.87 (9H + 1H, C(CH3)3 + [C2]CH3), 1.81 (9H + 1H,
C(CHs)s + [C2INCH;), 159 (br, 1H, [C3|NCHz), 139 (br, 1H,
CH,CH,CHs), 1.04 (br, 1H, CHyCHoCHy), 0.69 (br, TH, [C3]NCHa),
0.33 (s, 9H + 1H, C(CH3)3 + [C2]NCH>), 0.24 (s, 9H, C(CH3)3), —0.04
(br, 1H, [C3|NCH>), —1.29 (1H, [C3]|CH;), —1.48 (1H, [C2|NCH;), —
1.96 (br, 3H, NCH3), —2.19 (1H, [C2]NCH3), —4.30 (br, 3H, NCHs).
3¢ {'H) NMR (CDsCN, 75.5 K, 295 K): & (ppm) 171.1 (ArC—0), 164.8
(ArC—0), 138.6 (ArC), 137.6 (ArC), 133.3 (ArC), 133.0 (ArC), 131.6
(ArC), 130.8 (ArC), 130.1 (ArC—H), 129.6 (ArC—H), 125.1 (ArC—H),
124.7 (ArC—H), 78.0 (ArCH,N), 75.2 (ArCH,N), 65.7 (|C3]NCH,),
64.3 (2C overlapping, [C3]NCH;), 60.6 ([C2]NCH>), 58.1 ([C2]NCH3),
57.6 ([C2]NCH>), 57.2 ([C3]NCH>), 53.5 ([C2]NCHa2), 43.3 (NCH3),
43.0 (NCH3), 36.0 (C(CH3)3), 35.445 (C(CHs3)s3), 32.5 (C(CH3)3), 30.6
(C(CH3)3), 30.1 (C(CH3)3), 26.6 (CHoCH,CHa), 21.4 (CH,CH,CH,).

4.2.7. [Yb{(*®"?Ph0)>Me;Cyclam}Cl] (7)

A solution of HyL (0.300 g, 0.451 mmol) in THF (10 ml) was
added to a suspension of KH (0.064 g, 1.58 mmol) in THF (5 ml), and
the mixture was stirred overnight at room temperature. The mix-
ture was centrifuged and the colourless solution of K;L was slowly
added to a white suspension of YbCls (0.126 g, 0.451 mmol) in THF.
The reaction proceeded with a visible colour change of white to
deep yellow. After stirring overnight at room temperature, the KCI
formed was discarded by centrifugation and the volatiles of the
separated solution were removed under reduced pressure.

The yellow solid obtained was extracted in toluene, filtered,
and n-hexane was added to the solution. A yellow precipitate was
isolated by centrifugation and dried to give 7, in 43% yield (0.170 g,
0.195 mmol). Crystals of 7 suitable for X-ray diffraction analysis
were grown over few days by slow diffusion of n-hexane into a
concentrated toluene solution of 7. mjz (ESI-MS): 836.5
[YbL]™ (calc. 836.49), 9064 [YbLCly]~ (calc. 906.43).Calc. for
C42H70CIN4O,YD: C, 57.88, H, 8.10, N, 6.43; Found C, 57.11, H, 7.44,
N, 6.08. "TH NMR (CgDg, 300.1 MHz, 295 K): 6 (ppm) 258.9 (1H),
191.3 (1H), 135.986 (1H), 100.90 (1H), 96.9 (1H), 74.4 (1H), 63.2
(1H), 60.57 (1H), 58.74 (1H), 39.86 (1H), 19.41 (1H), 18.21 (3H,
NCH3), 4.87 (9H, C(CHs)3), —6.27 (9H, C(CH3)3), —9.40 (1H), —10.00
(1H), ~10.31 (9H, C(CH3)3), ~13.37 (1H), ~13.94 (1H), 16.74 (1H),
—27.97 (1H), —30.29 (1H), —30.64 (1H), —31.23 (9H, C(CHs)s3),
—41.17 (1H), —41.86 (1H), —48.83 (1H), —51.05 (1H), —54.70 (1H),
5734 (1H), 67.67 (1H), ~71.42 (1H), ~75.51 (1H), ~130.0 (3H,
NCH3).

4.3. X-ray crystal structure determination

Crystallographic and experimental details of data collection and
crystal structure determinations are given in Tables 4 and 5. Suit-
able crystals 0of 2,4, 5, 6 and 7 were selected and coated in FOMBLIN
oil under an inert atmosphere. Crystals were then mounted on
a loop and the data for compounds 1, 2 and 47 were collected
using graphite-monochromated Mo Ka (o = 0.71073 A) on a Bruker
AXS-KAPPA APEX Il area detector diffractometer equipped with an
Oxford Cryosystem open-flow nitrogen cryostat, and data were
collected at 150 K. Cell parameters were retrieved using Bruker
SMART software and refined using Bruker SAINT on all observed
reflections. Absorption corrections were applied using SADABS
[31]. The structures were solved by direct methods using either
SHELXS-97 [32] or SIR 97 [33] and refined using full-matrix least
squares refinement against F* using SHELXL-97 [32] All programs
are included in the package of programs WINGX-version 1.64.05
[34].

All non-hydrogen atoms were refined anisotropically and all
hydrogen atoms were placed in idealized positions and allowed to
refine riding on the parent carbon atom. The molecular structures
were drawn with ORTEP3 for Windows [34].

From a CgDg solution of compound 1 another single crystal was
obtained and subjected to X-ray diffraction analysis. The obtained
structure showed a molecule of 1 co-crystallized with a CgDg
molecule. Crystallographic data for complexes 1, 1.CgDg, 2 and 4—7
were deposited in CCDC. Crystallographic data for 1.CgDg and 6b,
molecular diagram representation of 2b and 6a-1 and coordination
polyhedron for 6a-1.
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